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second category set, which is a contradiction. The sets W r = I n (r 4- V) (r & Q) suffice. 
Unfortunately W n is not measurable. 

Proof of Theorem 1. Let S k be as in Lemma 1 and W n be as in Lemma 2. Put 

T k -{W k VS k )\{Uj + k Sj) (k = 1,2,3,...). 

Then the T k are mutually disjoint because the S k are. For any k and any subinterval J of 7, 
T k n J is a second category set because W k n / is a second category set and U is a first 
category set. Now 

T k \S k cI\UjSj 

and 

m(/\U^) = l- E*(S y )-0. 

j 

Thus T k \ S k is a subset of a set of measure 0. Hence T k \ S k is measurable and m(T k \ S k ) = 0. 
By construction Tk T* S k — S k , so 

T k -(T k ns k )u(T k \s k ) 

is a measurable set. Moreover S k n / c T k n J and 

m(7 1 A: n J) ^ m(S k n J) > 0. 

Finally, if the set of measure 0, /\ U k T k , is nonvoid, just adjoin it to T l . Thus {T k } k is the 
desired partition of 7. 

It follows that if U is an open set meeting 7, then T k n U is a second category set with positive 
measure for each /c. We mention that it is impossible to partition 7 into uncountably many 
mutually disjoint measurable sets, each with positive measure. So we have as many T k as possible. 

In conclusion we show that none of the sets T k in Theorem 1 can be a Borel set. Suppose T x 
were a Borel set. By [1], there exist an open set U and first category sets E l and E 2 such that 

T 1 =(U\E 1 )UE 2 . 

Since T x is a second category set, U is nonvoid. Let 7 be an interval with J c U. Then 
J\T X c E 1 , and for k # 1, T k n / c E x and T k n J is a first category set. But this is impossible 
because it conflicts with Theorem 1. 


References 

1. Casper Goffman, Real Functions (Problem 4.8, p. 144), Holt, Rinehart, Winston, New York, 1964. 

2. Walter Rudin, Well distributed measurable sets, this Monthly, 90 (1983) 41-42. 


GEOMETRY OF BINOMIAL COEFFICIENTS 

Stephen Wolfram 

The Institute for Advanced Study, Princeton NJ 08540 


This note describes the geometrical pattern of zeroes and ones obtained by reducing modulo 
two each element of Pascal’s triangle formed from binomial coefficients. When an infinite number 
of rows of Pascal’s triangle are included, the limiting pattern is found to be “self- similar,” and is 
characterized by a “fractal dimension” log 2 3. Analysis of the pattern provides a simple derivation 
of the result that the number of even binomial coefficients in the nth row of Pascal’s triangle is 
where #x(«) is a function which gives the number of occurrences of the digit 1 in the 
binary representation of the integer n. 

Pascal’s triangle modulo two appears in the analysis of the structures generated by the 
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evolution of a class of systems known as “cellular automata.” (See [1], [2], [3] for further details 
and references.) These systems have been investigated as simple mathematical models for natural 
processes (such as snowflake growth) which exhibit the phenomenon of “self organization.” The 
self- similarity of the patterns discussed below leads to self- similarity in the natural structures 
generated. 



Fig. 1. The first few lines of Pascal’s triangle modulo two. 



Fig. 2. The first sixty-four lines of Pascal’s triangle modulo two (black squares indicate ones, white squares 
indicate zeroes). 

Fig. 1 shows the first few rows of Pascal’s triangle, together with the figure obtained by 
reducing each element modulo two, and indicating ones by black squares and zeroes by white 
(blank) squares. Fig. 2 gives sixty-four rows of Pascal’s triangle reduced modulo two. A regular 
pattern of inverted triangles with various sizes differing by powers of two is clear. Large inverted 
triangles spanning the whole of Pascal’s triangle begin at rows n = V . Consider the pattern down 
to the beginning of one such large inverted triangle (say down to the sixty-third row). A striking 
feature of the pattern is that the largest upright triangle contains three smaller triangles whose 
contents are similar (except at the scale of very small triangles) to those of the largest triangle, but 
reduced in size by a factor of two. Inspection of each of these three smaller triangles reveals that 
each is built from three still smaller similar triangles. This “self similarity” continues down to the 
smallest triangles. At each stage, one upright triangle from the pattern could be magnified by one 
or more factors of two to obtain essentially the complete pattern. The pattern obtained differs 
from the original complete pattern at the scale of very small triangles. If, however, Pascal’s 
triangle were extended to an infinite number of rows, then for all finite triangles this effect would 
disappear, and the original and magnified patterns would be identical. In fact, triangles of any size 
could be reproduced by taking smaller triangles and then magnifying them. The limiting pattern 
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obtained from Pascal’s triangle modulo two is thus “self similar” or “scale invariant,” and may be 
considered to exhibit the same structure at all length scales. Many examples of other “self similar” 
figures are given in [4], [5]. 

If the number of inverted triangles with base length i is denoted 7], then Fig. 2 indicates that 
T i/2 = 37]. For large i, therefore 

(i) 7]. ~ r log23 . 

The exponent log 2 3 ^ 1.59 appearing here gives the “fractal dimensionality” [4], [5] of the 
self-similar pattern. 

Consider a (“filled in”) square. Reduce the square by a factor of two in each of its linear 
dimensions. Four copies of the resulting reduced square are then required to cover the original 
square. Alternatively, one may write that the number of squares S t with side length i contained in 
the original square satisfies S i/2 = 4 S t , so that S i ~ i~ 2 . The exponent two here gives the usual 
dimensionality of the square. One may then by analogy identify the exponent — 1.59 in Equation 

(1) as the generalized or “fractal” dimension of the figure formed from Pascal’s triangle modulo 
two. 

Fig. 2 suggests that the number N(n) of ones in the nth row of Pascal’s triangle modulo two 
(or, equivalently, the number of odd binomial coefficients of the form is a highly irregular 
function of n. However, when n is of the form 2\ the simple result N(T) = 2 is obtained. This 
can be considered a consequence of the algebraic relation ^ j = Omod p for 0 < / < p J and all 

primes p , which may be proved by considering the base p representations of factorials. Algebraic 
methods [6]- [12] have been used to obtained the general result 

(2) N(n) = 2^ (w >. 

The function # x (n) gives the number of occurrences of the digit 1 in the binary representation of 
the integer n. Hence, for example, #x(l) = 1, #i(2) = #i(10 2 ) = 1, # x (3) = #x(ll 2 ) = 2, 
#x(4) = 1, and so on. A graph of # x (n) for n up to 128 is given in Fig. 3. Note that although the 
function is defined only for integer n , values at successive integers have been joined by straight 
lines on the graph. For w > 0, 1 < # x (n) < [log 2 rc j . The lower bound is reached when n is of the 
form 2 J ; the upper one when n = 2 j — 1. Clearly # x (2 j n) = # x (n) (since multiplication by 2 7 
simply appends zeroes, not affecting the number of 1 digits), and for n < 2 j , # x (n + 2 j ) = 
#i(n) + 1 (since the addition of 2 7 in this case prepends a single 1, without affecting the 
remaining digits). 

The result (2) for N(n) may be obtained by consideration of the geometrical pattern of Fig. 2, 
continued for 2' log2 "l rows, so as to include the complete upright triangle containing the nth row. 
By construction, the nth row corresponds to a line which crosses the lower half of the largest 
upright triangle. Each successive digit in the binary decomposition of n determines whether the 
line crosses the upper (0) or lower (1) halves of successively smaller upright triangles. The upper 
halves always contain one upright triangle smaller by a factor two; the lower halves contain two 
such smaller triangles. The total number of triangles crossed by the line corresponding to the nth 
row is thus multiplied by a factor of two each time the lower half is chosen. The total number of 
ones in the nth row is therefore a product of the factors of two associated with each 1 digit in the 
binary representation of «, as given by Equation (2). 

There are several possible extensions and generalizations of the results discussed above. 

One may consider Pascal’s triangle reduced modulo some arbitrary integer k. Fig. 4 shows the 
resulting patterns for a few values of k. In all cases, a self-similar pattern is obtained when 
sufficiently many rows are included. For k prime, a very regular pattern is found, with fractal 
dimension 

D k = log* f i = i + i°g*(^y^)> 
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so that D 3 = 1 4- log 3 2 — 1.631, D s ^ 1.683, and so on. In general, for large k , one finds that 
D k ~ 2 — l/log 2 &; when k oo, the elements of Pascal’s triangle modulo /: become ordinary 
integers, which are all nonzero by virtue of the nonzero values of binomial coefficients. By a 
simple generalization of Equation (2), the number of entries with value r in the nth row of 
Pascal’s triangle modulo k is found to be N^ r \n) = 2 # ^ 1(w) , where now #l k] (n) gives the 
number of occurrences of the digit r in the bas e-k representation of the integer n . 

One may also consider the generalization of Pascal’s triangle to a three-dimensional pyramid of 
trinomial coefficients. Successive rows in the triangle are generalized to planes in the pyramid, 
with each plane carrying a square grid of integers. The apex of the pyramid is formed from a 
single 1. In each successive plane, the integer at each grid point is the sum of the integers at the 
four neighbouring grid points in the preceding plane. When the integers in the resulting 
three-dimensional array are reduced modulo k , a self- similar pattern is again obtained. With 
k = 2, the fractal dimension of the pattern is log 2 5 =* 2.32. In general, the pattern obtained from 
the d-dimensional generalization of Pascal’s triangle, reduced modulo two, has fractal dimension 
log 2 (2d+l). 
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Fig. 4. Patterns obtained by reducing Pascal’s triangle modulo k for several values of k. White squares indicate 
zeroes; progressively blacker squares indicate increasing values, up to k — 1. 
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A REMARK ON THE NUMBER OF CYCLIC SUBGROUPS OF A FINITE GROUP 

I. M. Richards 

Penwith Sixth Form College , St. Clare Street , Penzance, Cornwall, Great Britain 


It is common enough in books on elementary group theory to prove that if G is a finite cyclic 
group, then, for each divisor d of the order of G, there is exactly one subgroup of order d , and 
that this subgroup is cyclic. Yet it seems that it has not been noted that the number of cyclic 
subgroups, and therefore the number of subgroups, is minimized precisely in the case of the cyclic 
group. We prove therefore this theorem. 

Theorem. Let G be a group of order n . The number of cyclic subgroups of G is greater than or 
equal to d(n), the number of divisors of n. Furthermore , the number of cyclic subgroups of G is equal 
to d(n) if and only if G is cyclic . 


Proof. Let G be a group of order n. We consider an action of U n , the group of invertible 
residues modulo n, on G. With each s e U n we associate the permutation of G, \f/ s , defined by 
\f/ s (g) = g s for all g e G. Under this action two elements belong to the same orbit if and only if 
they generate the same cyclic subgroup. Thus the number of orbits, which we shall denote by 
c(G), is equal to the number of cyclic subgroups of G. By Burnside’s Lemma [ 4 ], we have the 
relation: 

(1) c(G) = -T T 1 |F(^)|. 

H n ) sGU „ 

Here <j>(n) is the Euler totient function, while F(s) is the fixed set of \p s , that is, the set of 
elements in G which satisfy the equation x s_1 = 1. By a theorem of Frobenius [2], or see [1], 
\F(s)\ = k s • (s - 1, «), where k s is a positive integer. Formula 1 therefore becomes 

(2) C ( G ) = ITT £ M* - !.»)• 

W*) SGU„ 


We first specialize Formula 2 to the case where G is the cyclic group of order n. Then c(G) is 
equal to d(n) and, for each s & U n , we have k s = 1. We conclude that 


( 3 ) 


d(n) 


1 

4>(n) 


L ( s ~ !>»)• 

seu n 


Returning to the general case of Formula 2, we recall that each constant k s is greater than or 
equal to 1, so that 



